Abstract: A novel analog photonic link with enhanced spurious-free dynamic range (SFDR) based on an integrated electro-optic dual-polarization modulator is presented and demonstrated. The dual-polarization modulator, which consists of a polarization beam splitter, a polarization beam combiner, and two z-cut LiNbO 3 MZMs, can achieve complementary intensity modulation along the orthogonal polarization directions with different modulation indexes. By properly adjusting the power relationship of the orthogonal polarization directions, two third-order intermodulation distortions (IMD3) have equal intensity and opposite phase and cancel each other out. Combined with a low-biasing technique to reduce the noise power, the SFDR of the link can be further improved. A theoretical analysis is presented and validated by a simulation. The IMD3 can be suppressed by 30.6 dB, giving an improvement in SFDR of about 22 dB compared with a conventional optical double-sideband modulation link.
Introduction
Analog photonic links (APLs) have attracted great interest for applications including phased array antennas, sensor networks, satellite communications, radar systems, and radio over fiber, due to the advantages of low loss, high bandwidth, relatively low weight, and immunity to electromagnetic interference [1] . High-performance analog photonic links are enabled by external Mach-Zehnder modulator (MZM), due to reduced relative intensity noise, chirp, and high modulation bandwidth compared with direct modulation [2] , [3] . However, due to the nonlinear characteristic of the electro-optical modulator, the generated distortions, such as harmonic distortion (HD) and inter-modulation distortion (IMD), will limit the spurious-free dynamic range (SFDR) of the link. Among the nonlinear distortions, the third-order IMD (IMD3) components are generally more detrimental to the radio-frequency (RF) signals due to they are in close proximity to the fundamental signals and difficult to filter out.
To suppress the IMD3 and improve the SFDR of analog photonic links, a number of methods have been proposed [4] - [14] , such as electronic predistortion, optical postcompensation, incoherent combination, and coherent destruction. The predistortion techniques use an electrical circuit with an arcsine transfer function to send the inverted inter-modulation distortions to the RF input of the modulator, leading to the correction of the IMD3 in the analog photonic links [4] , [5] . However, linearization approaches based on electrical circuits have a small bandwidth. To increase the bandwidth of the link, the postcompensation in the optical domain using a grating and a spatial light modulator to modify the phase and amplitude of the modulated light wave is proposed to suppress the IMD3 [6] , [7] . However, the use of spatial light modulator may increase the losses of the link. The techniques based on incoherent combination can also achieve large bandwidth [8] - [13] . In [8] , the incoherent combination using a polarization modulator (PolM) to operate as two equivalent MZMs biased at the opposite slopes is presented. The IMD3 terms from the two modulators will be combined destructively and be cancelled through utilizing a phase-shifted fiber Bragg grating (PS-FBG) to suppress partially the optical carrier of one path. However, the PS-FBG with a finite width removes the spectral components close to the optical carrier from the sidebands, causing that the IMD3 cannot be completely removed in theory. In [9] , the incoherent combination based on a PolM bidirectionally used in a Sagnac loop is proposed. Two intensity-modulated light waves with different modulation indices are achieved by jointly using the PolM, PCs and a PBC. By simply controlling the power of one intensity-modulated light wave, the IMD3 components could be completely suppressed. However, the sensitive nature of an optical Sagnac loop interferometer will influence the stability of the system. In [10] - [13] , the incoherent combination methods based on dual-parallel modulation are presented. By controlling the optical powers going through the modulators, the IMD3 introduced by two paralleled modulators can be fully cancelled. However, the system consists of two laser sources, two modulators, and two photodetectors, which is complicated and would significantly increase the system cost. Besides, an additional laser source would introduce more relative intensity noise (RIN), which degrades the performance of the analog photonic link. Recently, the coherent destruction based on a dual-parallel MZM is proposed to suppress the IMD3 [14] . By properly adjusting the phase of two microwave drive signals and the direct current bias points of the dual-drive dual-parallel Mach-Zehnder modulator, the IMD3 is eliminated completely. However, this scheme requires four electrical power splitters, two electrical power combiners, and two electrical phase shifters, which would increase the complexity of the system.
In this paper, an analog photonic link with an enhanced SFDR based on a dual-polarization modulator is proposed. The dual-polarization modulator is a commercially available integrated device [15] , which consists of a polarization beam splitter (PBS), a polarization beam combiner (PBC), and two z-cut LiNbO 3 MZMs. Due to the different electro-optic coefficients along the TE and TM axis of the two MZMs, the IMD3 can be suppressed after the incoherent combination of the optical signals in the optical domain by controlling the power relationship of the two polarization directions. Combining with low-biasing technique to reduce the noise power, the SFDR of link can be further improved. The theoretical derivation of SFDR for our linearized link is presented and the comparison between our scheme and conventional ODSB modulation is carried out. Besides, the non-ideal parameter on the performance of SFDR is also investigated. The proposed approach is possibly attractive due to its requirements of only one laser, one modulator, and one photodetector.
Link Model

Linearization Conditions
The schematic diagram of the proposed linearized analog photonic link is shown in Fig. 1 . A light wave from a laser diode (LD) is sent to a dual-polarization modulator, which is a commercially available integrated device including a polarization beam splitter (PBS), a polarization beam combiner (PBC), and two z-cut LiNbO 3 MZMs. In the dual-polarization modulator, the light wave is split by the PBS into two branches. Because of the polarization dependence of the PBS, the power splitting ratio can be flexibly adjusted by simply tuning a polarization controller (PC) placed before the dual-polarization modulator. It is well known that z-cut LiNbO 3 MZM exhibits an electro-optic coefficient 31 along the x -(TE) axis, which is approximately one third of 33 coefficient of the z-(TM) axis [16] , [17] . This anisotropy will allow for the RF signal to be simultaneously modulated by two z-cut LiNbO 3 MZMs in both orthogonal polarized states by different amounts. Then, the signals from the two branches are combined again by the PBC. The RF signal is divided into two paths by an electrical power divider and sent to the MZM1 and MZM2, respectively. The output optical signals from the dual-polarization modulator are then detected by a PD. By adjusting the PC before the dual-polarization modulator, the combined third-order inter-modulation distortion (IMD3) from the two orthogonal polarized directions can be cancelled. In comparison to the mixed polarization schemes proposed in [16] and [17] , where two linear polarizers (LPs) and an MZM are used to suppress the nonlinear distortions, the nonlinear suppression principles are different. In [16] and [17] , the combined third-order nonlinear distortion carried by the orthogonal polarized signals exiting the modulator is cancelled at the output of the second LP. Thus, it is based on the coherent destruction of the IMD3 in the optical domain, while in our paper, the incoherent combination of the optical signals in the optical domain results in the coherent destruction of the IMD3 in the electrical domain. Besides, in [16] and [17] , the suppression of third-order nonlinearity depends on the bias voltage and polarization angles of two LPs, while in our paper, the suppression of third-order nonlinearity only depends on the polarization angle of PC.
When a linearly polarized incident light at the output of PC has an angle of to one principal axis (z-axis) of the PBS, the optical field of the output signal from the PBS can be expressed as
where E c and w c are the amplitude and angular frequency of the optical carrier.
To investigate the nonlinear distortions, the input RF signal is set to be a two-tone signal. Assuming the electro-optic coefficients of the MZM1 and MZM2 are the same, and both of the modulators are biased at the opposite slope, the output of dual-polarization modulator can be written as 
where
is the modulation index of MZM2, V is the amplitude of input RF signals, V ðzÞ is the switching voltage of modulator for the z polarized direction, is the direct current bias phase shift of MZM2, w 1 and w 2 are the angular frequencies of input RF signals, and is a dimensionless ratio of less than one that describes the electro-optic modulation ratio in the x axis to that of the z axis. When the signal in (2) is sent to a PD for square law detection, we obtain
where R is the responsivity of PD. Expanding (3) by Bessel functions for all harmonics and IMD frequencies of w 1 and w 2 , the generated photocurrent can be mathematically evaluated as follows:
where I 1 and I 3 are coefficients of the fundamental and IMD3. Note, we considered a small signal approximation, i.e., the modulation of m ( 1, then J n ðmÞ % m n =ð2 n n!Þ, where J n is the Bessel function of first kind with order n. Thus, the coefficients of the fundamental and IMD3 can be expressed by 
where P r is the optical power at the PD. It can be seen from (6) that the first term of I 3 can be eliminated with the following condition: sin 2 ðÞ 3 À cos 2 ðÞ ¼ 0:
In addition, in order to maintain the linear term, we have cos 2 ðÞ À sin 2 ðÞ 6 ¼ 0
Since the electro-optic modulation ratio in the x axis to that of the z axis for the MZM is ¼ 1=3, the polarization angle of oriented to z axis of the PBS should be adjusted to be 79°o r 101°according to (7) . In this case, the largest distortion term (the third-order contribution) will be removed while the fundamental response of link remains.
Spur-Free Dynamic Range
To obtain the expression for spurious-free dynamic range (SFDR), the first step is to find the output Nth order intercept point (the output power at which the fundamental and IMD responses are equal). In general, the Nth order intercept point is given, in terms of the fundamental output power P 1 and Nth order distortion output power P N , by the expression
For the receiver bandwidth of 1 Hz, the Nth-order limited spurious-free dynamic range is then given by [18] 
where N o is the output noise power spectral density per unit bandwidth (W/Hz). By calculating the fundamental output power and the distortion power, we obtain the fifthorder intercept point of our linearized link OIP 
According to (10) , the SFDR of link for the conventional MZM biased at the quadrature point can be calculated as
For both schemes, we used the same parameters as for the simulation analysis in Section 3, e.g., ¼ 0:8, P r ¼ 8 dBm, N o ¼ À161:1 dBm/Hz, and R ¼ 0:8 A/W. The SFDR is calculated to be 125.4 dB Á Hz 4/5 , which is 22.6 dB more than that using a conventional MZM biased at the quadrature point, 102.8 dB Á Hz 2/3 . The SFDR can be further improved if we bias the MZM close to the extinction. This is due to the fact that the low-biasing technique reduces the amount of power in the noises. Besides, the SFDR of our proposed dual-polarization modulator scheme is about 13 dB higher than that of the mixed polarization scheme proposed in [16] at the same received optical power.
If the polarization angle oriented to z axis of the PBS deviates from its ideal value, the coefficients ratio given by (7) will not be satisfied. In this case, the third order contribution to the 
Simulation Results and Analysis
To demonstrate the nonlinear suppression performance of dual-polarization modulator scheme, a proof-of-concept simulation is constructed with the commercial software OptiSystem, as shown in Fig. 1 , for a two-tone investigation. The simulation parameters for the setup are given in Table 1 .
To better understand the principle of IMD3 suppression using a dual-polarization modulator, the fundamental and IMD3 responses for x axis and z axis polarization directions are simulated independently, as shown in Fig. 2 . It can be seen that the IMD3 power of x axis and z axis polarization directions are identical, while the fundamental power of x axis polarization direction is much higher than that of the z axis polarization direction. The incoherent combination of the optical signals in the optical domain results in the coherent combination of the microwave signals in the electrical domain. The IMD3 will be suppressed and the fundamental power of x axis polarization direction will become dominant as the third-order terms of IMD3 have opposite phase.
In order to show the suppression of IMD3 by using our proposed scheme over the conventional MZM biased at the quadrature point, an analog photonic link using the conventional ODSB modulation is also built for comparison, and the main simulation parameters are the same as mentioned in Table 1 . Fig. 3(a) shows the electrical spectrum obtained at output of the PD using the conventional ODSB modulation scheme. Strong IMD3 components are observed which indicates the considerable third-order nonlinear effects are presented. It is shown that the fundamental-to-IMD3 ratio (FIR) is only 21.7 dB by using the conventional ODSB modulation. However, for our proposed highly linear scheme, the FIR is 52.3 dB, as shown in Fig. 3(b) , which indicates a reduction of the IMD3 component as high as 30.6 dB is achieved when the fundament signal power is the same as that of the conventional ODSB modulation. To further demonstrate the superiority of our linearized approach, the simulated SFDR for our dual-polarization modulator scheme and conventional ODSB modulation are compared, as shown in Fig. 4 . As can be seen, the nonlinear distortion is fifth-order limited (the slope of the IMD3 is 5) for the dual-polarization modulator link, which is consistent with (6) . While for the conventional ODSB modulation link, it is third-order limited (the slope of the IMD3 is 3). The noise power density, dominated by the shot noise and the thermal noise, is −161.1 dBm/Hz, resulting in a SFDR of 124.4 dB (extrapolated to 1 Hz bandwidth) for our dual-polarization modulator link and of 102 dB (extrapolated to 1 Hz bandwidth) for the conventional ODSB modulation link. Thus, the SFDR of our linearized link is 22.4 dB higher than that of the traditional ODSB link at the identical received optical power, which matches closely with the theoretical prediction.
In real applications, the deviation of the polarization angle oriented to z axis of the PBS ðÞ will result in the degradation of SFDR. Fig. 5 shows the simulated SFDR versus the polarization angle oriented to z axis of the PBS and theoretical calculation results using (15) . It can be seen that the simulation results match well with the theoretical ones and the SFDR peaks at G G 108 . Since the RF signals are divided into two paths before driving the dual-polarization modulator, the deviation of the phase difference between two RF tones will also impact the performance of SFDR. Fig. 6 shows the simulated SFDR versus the phase difference between two RF tones. It can be seen that the SFDR is maximum when the phase difference between two RF tones is 0, which is in accordance with the theoretical result. Besides, the phase difference between two RF tones has small influence on the SFDR. Even if the phase difference between two RF tones is 150 degree, the SFDR of our dual-polarization modulation link is still higher than that of the conventional ODSB modulation link.
Conclusion
We have proposed and investigated a linearized analog photonic link that utilizes a dualpolarization modulator to suppress IMD3. Due to the different electro-optic coefficients along the orthogonal polarization directions of the two z-cut LiNbO 3 MZMs, the IMD3 can be suppressed after the incoherent combination of the optical signals in the optical domain by controlling the power relationship of the two polarization directions, and the noise power can be reduced based on low-biasing technique. Thus, an APL with improved dynamic range is achieved. A theoretical analysis is presented which is verified by a simulation. Simulation results show that fundamentalto-IMD3 ratio (FIR) is 52.3 dB using our proposed linearized link, which is 30.6 dB more than a conventional ODSB modulation link, and SFDR is 124.4 dB for a bandwidth of 1 Hz at the received optical power of 8 dBm for a noise floor of −161.1 dBm/Hz, which is improved approximately 22.4 dB. Besides, even if the polarization direction of optical signal at the output of the polarization controller deviates from the ideal value to seven degrees and the phase difference between two RF tones deviates from the ideal value to 150 degrees, the performance is still superior to a conventional ODSB modulation link.
